With the rising cost of energy and continuously increasing pressure to be more conscious of the amount of energy used in processes, aerobic wastewater treatment methods are becoming less desirable. However, anaerobic treatment is becoming more popular, especially with the development of high-rate activated sludge processes that can handle variations in operating conditions with small energy requirements. This short review aims to summarize the characteristics of anaerobic processes, with eventual emphasis on the upflow anaerobic sludge blanket (UASB) reactor and its performance under various conditions. Modeling of processes is helpful in making design decisions, and therefore the various modeling techniques applied to UASB reactors have also been included. Specific consideration has been given to anaerobic digestion model 1 (ADM1) due to its potential to be integrated with activated sludge models (ASM) to provide a single framework to describe aerobic post-treatments of the UASB effluent. Finally, an example test case involving the modeling of a pilot-scale UASB reactor has been included to indicate the usability of ADM1 in modeling anaerobic bioprocesses.
INTRODUCTION
Aerobic treatment of wastewater has been traditionally used for decades for high concentration waste. However, sludge disposal is becoming increasingly difficult due to stringent laws and aerobic processes producing a large amount of sludge (Christensen et al. ; Khan et al. ) . This is with the exception of conditions where anoxic-aerobic digesters are adopted for waste activated sludge treatment.
In this case, the energy savings of anaerobic digesters are sacrificed for lower technical competence requirements.
This, however, encourages further nutrient removal through nitrification and phosphorus precipitation. However, for the treatment of influent primary sludge, anaerobic digestion has been accepted as a desirable alternative, the likes of which are used worldwide for the treatment of a variety of different wastewaters (Cronin & Because of its promise as a high throughput reactor, the UASB reactor has been studied under many different conditions, including varying types of wastewater, temperature, organic loading rate (OLR) and pH. The effects and importance of mixing in the reactor have also been studied. 
)
. Good et al. () found that a fixed film reactor could cope with an organic loading rate five times greater than that of a CSTR. Furthermore, the complexity of the influent to be treated affects the performance of the reactor more than in the other types of treatment described. It has been found that attached biomass reactors, such as the fluidized bed reactor, is superior in coping with shock loads. In spite of these disadvantages, Boušková et al.
() has shown that the anaerobic CSTR can cope well with step changes in temperature, and it has been used to treat a number of wastewaters including blackwater from vacuum toilets and kitchen refuse (Wendland et al. ) , glucose-containing wastewater (Oz et al. ) and tequila vinasses (Méndez-Acosta et al. ), although tequila vinasses has only been treated on a pilot scale and has not yet been successfully implemented full scale. Oz et al. () found that the anaerobic CSTR was not successful in treating pharmaceutical wastewater due to its complexity, and that an anaerobic filter reactor was much more successful.
Anaerobic contact process
The anaerobic contact process is an extension of the anaerobic CSTR in that it requires a continuously stirred digester followed by a settling tank (Nähle ; Cakir & Stenstrom ) , as shown in Figure 2 . In this settling tank, the bacteria is allowed to settle from the effluent and is able to be scraped from the bottom and recycled back to the digester (McCarty ; Endo & Tohya ; Hamdi ). This allows for an increase in HRT and a decrease in solid retention times (SRT) (Nähle ; Cakir & Stenstrom ) .
A high efficiency is needed in this recycling (McCarty ) which can be problematic: a degasifier is often required between the digester and the settler to overcome this problem (Cakir & Stenstrom ) . Biogas is removed from the sludge in the degasifier to achieve better settleability of the biomass in the settling tank, but this can be expensive (Nähle ) . The mixing in the digester can be achieved through mechanical means or by the recirculation of the biogas produced in the process (Nähle ; Cakir & Stenstrom ), but care must be taken as excessive mixing can favor the growth of acidogenic bacteria over methanogenic bacteria which can lead to lower feasible OLR (Hamdi & Garcia ; Hamdi ) . The loading rates that can be applied to the contact process are higher than those that are achievable in the aerobic activated sludge process (Endo & Tohya ) . The contact process can be quick to reach steady state, however this state can be more unstable compared to other processes (Hamdi & Garcia ) . This process has been used to treat a variety of wastewaters including distilleries, breweries, meat packing, sugar, dairy and vegetable canning (McCarty ; Nähle ;
Cakir & Stenstrom ) wastewaters.
Anaerobic filter
The anaerobic filter (AF) consists of a column which is filled (Manariotis & Grigoropoulos a, b) . Characteristics of the media that are particularly important include the texture, porosity and specific surface area. It has been found that a media with high porosity is more effective than one with a lower porosity and higher SSA (Manariotis & Grigoropoulos a, b) . The most important factor when choosing a packing media is that it is one to which bacteria can easily attach or become entrapped. Hickey et al. () found that the AF reactor would not recover well from large pH and temperature upsets but Manariotis & Grigoropoulos (a, ) found that the AF responded well to small changes in operating conditions and restarted reasonably well after long idle periods of up to two years, although this restart time did vary with packing material and previous history of the reactor. A common issue found in literature for the AF reactor is that sludge accumulation can cause clogging (Hickey et al. (Tseng & Lin ) . Wastewater from textile production has also been treated, although an additional carbon source needed to be added (Haroun & Idris ).
Upflow anaerobic sludge blanket reactor
The UASB reactor is generally a tubular shaped reactor, consisting of four zones (Lin & Yang ) . The sludge bed is a layer of biomass that forms at the bottom of the reactor, 
Anaerobic baffled reactor
The anaerobic baffled reactor (ABR) is a high rate anaerobic treatment that can be described as a series of UASBs ( 
UPFLOW ANAEROBIC SLUDGE BLANKET REACTOR Importance
In the past, anaerobic treatments of wastewater were not used in industry since they were not able to handle high organic loading rates and could be unstable in terms of treatment efficiency. The UASB solves these issues as it can handle high organic loading rates and adding a recycle increases the biological population development and hence start-up times are reduced (Christensen et al. ) .
It is also simple in design and construction, which gives rise to low initial costs, and has a low energy consumption, 
Experimental studies

Treatment of different sources of wastewater
There have been a wide range of publications related to the treatment of various types of wastewater by UASB reactors, at full, pilot and laboratory scale and some of these have been summarized in Table 1 . Parawira et al. () found that the full-scale UASB reactor used for their studies treated the wastewater from a brewery brewing opaque beer to a satisfactory quality so that it could be discharged into public waters. This treatment included an average COD removal of 57%; total solids reduction of 50% and settleable solids removal of 90%. They suggested brewery wastewater provided ideal conditions for the UASB influent due to its composition and strength and that the UASB reactor presented a more suitable process for the treatment of brewery wastewater than aerobic processes, due to the excessive amount of energy required for aerobic treatment of high strength wastewaters such as those from breweries.
They also found that pilot-scale UASB reactors treating similar wastes could provide higher COD removals, up to 90%.
Ahn et al. () also studied a full-scale UASB reactor treating brewery wastewater, which was built for pre-treating the wastewater before discharging it to a municipal wastewater treatment plant. The desired treatment level was achieved, giving an average COD removal of 80% over the seven years it was studied. Hack () studied the UASB reactor as a possible pre-treatment for an overloaded aerobic treatment plant on a brewery site. A pilot-scale UASB reactor was built to study its suitability, using the effluent wastewater from the brewery. The concentration of the influent to the reactor was, on average, 1,230 mg COD L -1 and it was operated at an average temperature of 22 C. These conditions were similar to those at which the full-scale reactor would be operated and they achieved a COD reduction of 80%, meaning this anaerobic pre-treatment is a promising Puñal & Lema () studied the performance of a fullscale UASB reactor treating fish-canning wastewater. They 
Temperature
The effect of temperature on the efficiency of a UASB process has been studied, with many researchers focusing on the reactor's ability to treat wastewater at low temperatures.
Some of these studies have been summarized in Table 2 . However, 75% is still a high removal efficiency which could be satisfactory for the treatment of the wastewater.
The TSS removal was observed to be slightly higher at the higher temperature (30 C), but this was not a significant difference. The effect of reducing the temperature in a laboratory-scale UASB reactor treating municipal wastewater was also studied by Singh & Viraraghavan () . 
Organic loading rates
The organic loading rate (OLR) applied to UASB reactors can affect the performance of the reactor. Some of the studies on the effect of varying the OLR have been summarized in 
Mixing
Pol & Lettinga () explained a need to achieve sufficient contact between the biomass in the reactor and influent wastewater in order to yield satisfactory COD removal, and that mixing caused by the rising of biogas bubbles produced during the process could provide this contact. They suggested that in low-rate UASB reactors, an effluent recycle or mechanical mixer could be added to the reactor configuration if insufficient mixing is achieved by biogas production. Table 4 agreed that mixing achieves better contact between the sludge and wastewater and minimizes channeling in the reactor, and helps to enhance the treatment efficiency.
They suggested that, in general, sufficient mixing can be achieved by the rising gases produced in the reactor, but this may not be enough at the beginning of the process, when gas production is minimal. As such, mechanical mixing may be required, the amount of which should not exceed 30 rpm for 1 minute/10 minutes, in agreement flowrate of 700 mL h -1 compared to 78% at 100 mL h -1 .
Statistical tests confirmed that the removal efficiencies
were sufficiently different to suggest that the mixing had an effect on the performance. The authors also noted that a higher flowrate encouraged methane production.
They concluded that at low flowrates sulfidogenic bacteria is not washed out and hence is able to colonise in the reac- pH Souza () found the optimum pH for anaerobic digestion to be around 7. Any pH below 6.5 or above 7.5 may be harmful to the bacteria. However, they also mention that wastewaters with low and high pH could be treated in UASB reactors, due to the buffer capacity of the process although a pH control system may be needed. There have been some studies on the effect of varying pH in UASB reactors, and some of these are summarized in Table 5 . Liu et al. HRT in the reactor was maintained at 14 hours and the pH of the influent was reduced from 6.7 to 5.0 in gradual steps. The effluent pH was measured, and was consistently around 7 for all influent pH values, which suggests a good buffer capacity in agreement with Souza (). However, the COD removal started decreasing significantly at the influent pH of 5 and a slow recovery and drop in biogas production suggested that it was the lowest operational pH value. This meant that the authors could conclude that it is feasible to treat winery wastewater in a UASB reactor with little or no neutralization (depending on the source) and Methane production also steadily decreased with an increase in pH. These studies indicate that although UASB reactors can cope with low pH relatively well, a high pH (>8) seems to cause serious problems resulting in reduced performance.
UASB systems can be useful in the treatment of high strength wastewaters such as brewery wastewater, carbohydrate-rich food wastes, grape wine distillery wastes, slaughterhouse wastewater and domestic wastes. However, adequate design and careful control and monitoring of the system during operation are required to ensure a successful start-up and subsequent stable operation. Optimum operation of UASB systems is noted to occur with some mixing (sufficient mixing can be achieved by the rising gases produced in the reactor) at temperatures of 35 C (COD removal decreases with decreased temperatures) and pH of 7 (although UASB reactors can cope well with lower influent pH due to its buffering capacity, but experiences inhibitions at pH values of above 8). The UASB systems generally obtain good COD removal efficiencies, even with varying organic loading rates. However, as with other biological systems, the capacity to efficiently carry out COD removal is greatly dependent on the retention times (SRT, to ensure that sufficient biomass is retained for duration of treatment process; and HRT, to ensure that the liquid waste is in the system long enough to be treated) as dictated by the general sizing and configuration of the reactor. Moreover, it is important to note that in situations where the effluent is required to be discharged into receiving water bodies, organic loading rates require careful selection and, in most cases (depending on the regional environmental standards) a post-treatment step is required to ensure that the final effluent is compliant.
MODELING OF UASB REACTOR Dimensional modeling
An axial dispersion model was proposed by Singhal et al.
() to describe the fluid flow through the UASB reactor.
The aim of this model is to simplify the previous models HRT of 2 days as the response was too small. However, when the pulse was increased to 1.6 g COD acetate and an HRT of 1 day, the response was larger and could be modeled. wastewater from an ethanol distillery using ADM1
(implemented in AQUASIM) and included an extension to allow for the reduction of sulfate. The CSTR and UASB were modeled separately, and it was found that the simulated and the experimental results for soluble COD and volatile fatty acids in the effluent correlated well. The sulfate removal was also accurately simulated by the model. However, pH measurements and gas flow from the reactor were simulated at lower values than those obtained experimentally. Despite this, the authors agreed that ADM1 was valid, and also that it is sufficient for application in the design and operation of full-scale systems. It can be concluded that ADM1 has been quite successful in the simulation of UASB processes at laboratory scale, though research into the application of the model to full-scale processes is limited.
ASM-ADM interface
In some of the cases discussed previously (Diamantis et al. 
EXAMPLE CASE STUDY: MODELING OF A LABORATORY-SCALE UASB
AQUASIM (Reichert ) . By adding variables and processes and defining the compartments in which these processes occur, AQUASIM is able to simulate values for parameters such as COD, VFA and pH over a given period of time. AQUASIM has previously been used in literature for the implementation of ADM1. Ideal CSTR compartments were used in this implementation and the kinetic and stoichiometric parameters used were the ones recommended in the main body of the ADM1 STR (Batstone et al. b) . Those that were suggested to be most likely to be sensitive to the process in the STR were then subject to a sensitivity analysis, to identify the most important parameter values to be adjusted to give the best agreement between simulated and experimental results. This was done in AQUASIM using the absolute-relative sensitivity function.
Those with the highest sensitivity were then subjected to parameter estimation which uses the weighted least-squares method. AQUASIM uses the secant method to convert the nonlinear problem to a linear one to allow for parameter estimation (Ding et al. ) . The layout used in AQUASIM to model the UASB is shown in Figure 9 (a). It is implemented by assuming a perfectly mixed reactor followed by a settler, to represent the settling zone. The recycle has also been included. The addition of the recycle stream is needed for a more realistic prediction of the results, as is the addition of the settling zone compartment.
Based on a sensitivity analysis, the parameters chosen for estimation were f pr,xc , f si,xc , f xi,xc , k dis , k m,ac and K s,ac and these are summarized in Table 6 
